Exposure to fine ambient particulates (PM 2.5 ) during gestation or neonatally has potent neurotoxic effects. While biological and behavioral data indicate a vulnerability to environmental pollutants across distinct neurodevelopmental windows, the behavioral consequences following exposure across the entire developmental period remain unknown. Moreover, several epidemiological studies support a link between developmental exposure to air pollution and an increased risk of later receiving a diagnosis of autism spectrum disorders (ASD), a neurodevelopmental disorder that persists throughout life. In the current study we sought to determine whether perinatal exposure to PM 2.5 would reduce sociability and increase repetitive deficits in mice, two hallmark characteristics of ASD. Pregnant female B 6 C 3 F 1 mice were exposed daily to concentrated ambient PM 2.5 (CAPs) (135.8 mg/m 3 ) or filtered air (3.1 mg/m 3 ) throughout gestation followed by additional exposures to both dams and their litters from days 2-10 postpartum. Adult offspring were subsequently assessed for social and repetitive behaviors at 20 weeks of age. Daily perinatal exposure to CAPs significantly decreased sociability in male and female mice as measured by the social approach task; however, reductions in reciprocal social interaction and increased grooming behavior were only present in male offspring exposed to CAPs. These findings demonstrate that exposure to particulate air pollutants throughout early neurodevelopment induces long lasting behavioral deficits in a sex-dependent manner and may be an underlying cause of neurodevelopmental disorders such as ASD.
nation-wide case-control analysis across the continental United States revealed higher maternal exposure to PM 2.5 throughout gestation was associated with greater odds of a child having ASD (Raz et al., 2015) . Additionally, although the average PM 2.5 exposure in the United States is below the World Health Organization's recommended annual mean level of 10 mg/m 3 , many developing nations worldwide are well above this advised limit (WHO, 2016) , potentially creating an at-risk environment for pregnant women. While these population-based studies are compelling, further non-human studies are necessary to demonstrate a direct causal relationship between air pollution PM and ASD.
Mouse models of in utero or neonatal pollutant exposure show altered neurotransmitter levels, neuroinflammation, impaired hippocampal-dependent memory, and depressive-or anxiety-like behaviors in offspring. For example, gestational exposure to diesel exhaust (DE), a major source of PM 2.5 pollution, affects neurotransmitter levels in the prefrontal cortex, striatum, hippocampus, hypothalamus, amygdala, cerebellum, and brainstem of offspring, and results in depressive-and anxiety-like behaviors in males specifically (Suzuki et al., 2010; Davis et al., 2013; Bolton et al., 2013; Thirtamara Rajamani et al., 2013; Yokota et al., 2013 Yokota et al., , 2016 . Furthermore, gestational DE exposure combined with maternal stress reduce fear conditioned freezing behavior in adult offspring, indicating long-term impairment in hippocampal-dependent memory (Bolton et al., 2013) . Neonatal exposure to fine and ultrafine concentrated ambient PM ( 100 nm) differentially alters cytokine expression and neurotransmitter levels in female and male offspring and increases glial reactivity and hippocampal glutamate in males (Allen et al., 2014 . While these findings highlight the neurotoxic effects of diesel exhaust on brain development, several questions remain regarding the behavioral consequences of PM 2.5 exposure across gestational and postnatal periods. Specifically, most of the above studies fail to include female offspring in their analysis, and although the prevalence of ASD is greater in males, females are an important population that need equal consideration. Furthermore, no study to date has investigated the effects of developmental air pollution exposure on social and repetitive behaviors, core features of ASD and other neurodevelopmental disorders. Finally, experimental models of gestational or postnatal pollutant exposure focus on outcomes in juvenile and adolescent mice, but none have looked at the long term social behavioral consequences persisting into adulthood, which is essential when modeling a lifelong disorder. Therefore, a more complete understanding of the behavioral and developmental consequences resulting from perinatal pollutant exposure will help elucidate potential mechanisms underlying the etiologies of neurodevelopmental disorders such as ASD that are characterized by similar behavioral deficits.
The current study assessed whether perinatal exposure to concentrated PM 2.5 (CAPs, 135.8 mg/m 3 ) alters well-validated measures of social and restricted/repetitive behaviors in adult male and female B 6 C 3 hybrid mice (B6 Â C3H). Specifically, social approach and reciprocal social interaction tasks allow for detection of broad and discrete social interactions, respectively, while increases in time spent self-grooming are often used to model the repetitive self-directed behaviors in individuals with ASD (Mason, 1991; Kelley, 2001; Crawley, 2007) . Given that pollutant exposure affects neural circuitry involved in social cognition and repetitive behaviors (Adolphs, 2001; Kalueff et al., 2016) , we hypothesized that early life CAPs exposure would decrease sociability and increase grooming behavior, and that this effect would be exacerbated in male compared to female offspring. To test this, pregnant dams were exposed to CAPs or filtered air (FA) throughout gestation and pups were exposed during lactation until postnatal day (P)10 to parallel the third trimester in human pregnancies (Dobbing and Sands, 1979; Romijn et al., 1991) . Adult offspring of both sexes were then assessed for ASD-like behavioral deficits using social approach, reciprocal social interaction, and grooming behavioral tasks.
Materials and methods

Animals
Male and female B 6 C 3 F 1 mice (Jackson Laboratory, Bar Harbor, Maine, USA) were purchased and initially housed and maintained for exposure at New York University, Department of Environmental Medicine (Tuxedo, NY) as previously described . Each animal was housed in polycarbonate cages in temperature (20-23 C) and humidity ($55% RH) controlled rooms on a 12 h light/dark cycle, and food and water were provided ad libitum. Females were housed in pairs and males individually for about 10 days. Upon the 2nd proestrus, one male and one female in proestrus were housed together in pairs. Seminal plugs were then checked 12-18 h after breeding pairs were co-housed (gestational day [G]-0.5), and upon presence of a plug, males were removed and females were separated into two exposure groups: Concentrated Ambient Particulate Matter 2.5 mm (CAPs) or Filtered Air (FA).
Food and water were restricted during exposure. A total of 25 litters were subjected to perinatal exposure (13 FA and 12 CAPs), and a subset of the offspring were raised until adulthood for behavioral analyses, FA n = 26 (13 M/13F), CAPs n = 31 (15 M/16F). Following perinatal CAPs exposure, parturition, and weaning, 1-3 male and female offspring from each litter were rehoused 2-4 mice per cage with sex-and treatment-matched cage mates (littermates when possible) and allowed to acclimate for 8 weeks. During this acclimation period, mice were observed daily for signs of aggression. Two male mice were removed from their cages and excluded from the study following evidence of aggression. Following acclimation, mice were transported in standard plastic cages in a temperature controlled van (World Courier, AmerisourceBergen Corporation) to Mount Holyoke College, South Hadley, MA for behavioral assessment. Upon arrival at Mount Holyoke College, 16-week-old mice were group housed with previous cage mates in standard plastic cages and allowed 4 weeks to acclimate to the facilities prior to behavior testing. Mice were maintained at ambient room temperature on a 12 h light/dark cycle (lights on at 0800 h). Food and water were provided ad libitum and all cages were given nestlets for enrichment. All behavioral procedures were performed during the first 4 h of the light cycle, and all procedures were approved by both New York University School of Medicine's and Mount Holyoke College's Institutional Animal Care and Use Committees.
Concentrated fine-size ambient particulate system
After the presence of a seminal plug, female mice were separated and randomly sorted into one of two exposure groups, either CAPs or HEPA-filtered air (FA). Pregnant females were weighed each morning and exposed via whole body inhalation to either CAPs or FA using a modified Versatile Aerosol Concentration Enrichment System (VACES) developed by Sioutas et al. (1999) and modified by Maciejczyk et al. (2008) . Ambient air was passed through an Aerotec 2 cyclone inlet to remove the majority of particles greater than 2.5 mm in diameter and then passed through silica gel and carbon filters to remove excess moisture and organic pollutants. PM aerosol was then chilled in a condenser tube and the remaining concentrated particles were passed over a warmed water bath to restore relative humidity. The concentrated aerosol was then divided into three streams for subsequent use: 27% of the particle flow was directed towards Teflon filters housed in Harvard impactors (Air Diagnostics and Engineering, Inc., Harrison, ME), 10% of the flow was directed towards a DataRam nephelometer to allow for continuous monitoring of CAPs mass concentration, and the remaining particles were streamed towards the animal exposure chamber. Mice in the control condition (FA) were exposed to house air passed through HEPA filters to remove approximately 98% of ambient particles prior to entering the VACES system.
Perinatal CAPs exposure
Beginning on gestational day (G)0.5 female mice were exposed for 6 h/d, 7 d/wk until G17. Additionally, postnatal exposures were conducted starting 48 h after birth for 2 h/d, 7 d/wk, until P10. While gestational exposure was consistent with that previously used , daily neonatal exposure time was reduced (compared to Allen et al., 2014) to minimize potential confounds of high CAPs exposure on neonatal lungs. To ensure no cross-contamination between treatment groups, mice were kept in cages equipped with HEPA filters. Daily samples of the exposure chamber were collected on Teflon filters (PALL Life Sciences Teflo, 37 mm, 2 mm pore, Ann Arbor, MI), gravimetrically weighed, and analyzed for exposure mass concentrations as previously described . The average targeted CAPs concentration during exposure was approximately 11 times the ambient PM 2.5 concentration in Sterling Forest (Tuxedo, NY).
X-Ray fluorescence spectroscopy
Mass concentrations of CAPs were determined daily using pre-weighed Teflon filters (37 mm, 0.2 mm pore size; Pall, Port Washington, New York). Particle-laden filters were equilibrated overnight in a temperature/humidity controlled room and weighed gravimetrically on a MT5 microbalance (Mettler Toledo, Hightstown, New Jersey). X-ray fluorescence spectroscopy (XRF) was used to determine the elemental composition of exposures by analyzing filters from every third exposure day on an ARL QUANT'X EDXRF Analyzer (ThermoFisher Scientific, Waltham, Massachusetts). Lot-matched, unexposed filters were used as blank controls.
Behavioral assessments -experimental design
Experimental offspring were separated into four conditions: CAPs-female (n = 16), CAPs-male (n = 15), FA-female (n = 13), FA-male (n = 13). Twenty-week-old mice were evaluated for social and repetitive behaviors using the following tasks: threechambered social approach, reciprocal social interaction, grooming, elevated plus maze, and open field. This age in mice is within the standard range of testing for social behavior and equivalent to adulthood in humans (Yang et al., 2011; Dutta and Sengupta, 2016) . Behavioral analyses were conducted in a Latin Square design with at least 5 days between each task. All stimulus mice were sex-and weight-matched (AE5 g), between 15 and 21 weeks of age, and no stimulus mouse was used more than once for the same experimental animal in order to ensure novelty across social behavior tasks. All tasks were video recorded and analyzed using EthoVision XT 11.5 or manually scored (grooming only) by two independent raters blinded to treatment conditions.
Social approach
Changes in social approach and social recognition behavior were measured between offspring of CAPs-and FA-exposed dams using a clean, polycarbonate, three-chambered social approach box (60 cm Â 40.5 cm Â 30 cm). In a dimly lit room, experimental mice were first placed in the center chamber and allowed to habituate for 10 min followed by another habituation period in which mice were allowed to explore all three chambers for an additional 10 min. Mice were then returned to the center chamber and two identical wire cups were inverted and placed in the two side chambers with a novel object placed under one wire cup and a novel sex-and weight-matched (AE5 g) C57BL/6J mouse (Jackson Laboratory, Bar Harbor, ME) placed under the other wire cup. Experimental mice were video recorded and allowed to freely explore all chambers for 10 min and later scored using EthoVision XT 11.5 to evaluate social preference. Then, experimental mice were returned to the center chamber and the novel object was replaced with a second novel C57BL/6J mouse. Again, experimental mice were allowed to freely explore all chambers for 10 min and video recorded and scored using EthoVision XT 11.5 for evaluation of social recognition. For the social approach task, chamber entries, total time in each chamber, and total time sniffing the novel mouse and object were measured automatically. A sociability score was measured as: time spent in a social chamber minus time spent in the novel object chamber. All testing chambers were thoroughly cleaned with 70% ethanol between each testing session.
Reciprocal social interaction and locomotor activity
Adult experimental offspring were evaluated for changes in interactive social behavior between offspring of CAPs-and FAexposed dams using the reciprocal social interaction (RSI) task. Mice were acclimated to a fully lit experimental room in their home cage for 30 min prior to the RSI task. Then, experimental mice were placed individually into clean plastic cages (40 cm Â 50 cm Â 20 cm) and allowed to habituate for 20 min. During this time mice were recorded for later analysis of locomotor behavior in an open field environment. Experimental mice were then quickly returned to the home cage and marked with blue (experimental mice) and pink (sex-and weight-matched (AE5 g) C57BL/6J-stimulus mice) hair chalk (OPAWZ, Ontario, CAN). Experimental and stimulus mice were placed in the RSI box at opposite ends, and allowed to interact for 20 min. Mice were recorded during this time and later scored for the amount of nose-to-nose, nose-to-body, and anogenital sniffing, and total time in a social behavior using EthoVision XT 11.5 three-point body and social interaction modules.
Grooming
Experimental mice were tested for changes in repetitive behavior using a grooming task. Mice were placed individually in empty, clear plastic mouse cages and left to habituate for 10 min in a dimly lit room. Following the habituation period, mice were video recorded for an additional 10 min and later hand scored for self-grooming behavior by two individuals blinded to treatment condition. Grooming was defined as time spent licking paws, nose and/or face washing, or scratching fur with any foot. Inter-rater reliability was statistically confirmed using an interclasscorrelation coefficient greater than 95%.
Elevated plus maze
To evaluate changes in general anxiety, mice were assessed using an elevated plus maze constructed of white Plexiglas in full light. The apparatus consisted of two open arms (30 cm Â 5 cm Â 0.5 cm) and two perpendicular closed arms (30 cm Â 5 cm Â 15 cm) extending from a central platform. The entire maze was elevated approximately 1 m from the floor. Mice were video recorded and placed in the central platform and allowed to freely explore the maze for 5 min. The videos were later scored using EthoVision XT 11.5 for the number of entries into each arm and the total time spent in each arm. Reductions in open arm exploration were interpreted as increased anxiety.
Statistical analysis
All data were analyzed with linear mixed-effects models with maximum likelihood estimates and Type III sums of squares using R Statistics software version 3.3.3 (2016) and the "nlme" package. Model variations were assessed using the likelihood ratios test and the best model was selected based on the AIC/BIC criteria (Supplementary data). Based on the a priori hypothesis, treatment was selected as the most important factor. Maternal and pup weights were analyzed using autoregressive-1 (AR(1)) covariance structures with treatment as fixed effects. For repeated measures analysis of social approach and social recognition, treatment, sex, and chamber, as well as corresponding interactions, were set as fixed effects and litter as a random effect. Similarly, for reciprocal social interaction, grooming, elevated plus maze, and open field locomotor assays treatment, and sex, and treatment by sex interactions were set as fixed effects and litter as a random effect. For significant interactions, data were further analyzed using simple main-effects analysis and post hoc analyses were conducted when applicable using pairwise comparisons with Sidak corrections.
Results
Exposure analysis
Mean CAPs concentrations were estimated by averaging particle weights from multiple Teflon filters across the treatment period. CAPs filters contained a 45-fold increase in the concentration of particulates (135.8 AE 13.17 mg/m 3 ) compared to FA filters (3.1 AE1.04 mg/m 3 ) and eleven times the concentration found in the ambient air (11.9 AE 1.60 mg/m 3 ). Filters from CAPs and FA chambers were further analyzed for particle deposition using X-ray fluorescence spectroscopy including sulfur, manganese, nickel, and lead. A total of 16 elements and metals were elevated in the CAPs air with the most abundant constituents being S, Na, Fe, Ca, Mg, and K (Table 1) .
Maternal weight, pup weight, and litter size
Analysis of dam weights throughout pregnancy showed typical growth curves over time, F (15,240) = 67.12, p < 0.001, with no differences observed between treatment conditions, F (1,23) = 0.028, p = 0.87 (Fig. 1A ). There were no differences in litter sizes between FA (M = 8.3, SD = 2.18) and CAPs dams (M = 9.0, SD = 2.27) at parturition, t(23) = 0.76, p = 0.45. The litters were weighed daily and growth curves estimated based on average pup weights. There was a significant main effect for time, F (8,74) = 151.71, p < 0.001, with similar growth curves observed between treatment conditions as indicated by a non-significant time by treatment interaction, F (8,74) = 0.84, p = 0.57 (Fig. 1B) .
Social approach and social recognition
Social exploration in the social approach task was assessed using linear mixed-effects modeling. While there were no main effects for treatment or sex (Supplementary data), there was a significant main effect for chamber, F (1,53) = 20.51, p < 0.001, with mice showing greater preference for the novel mouse chamber over novel object chamber (Fig. 2A) . Interestingly, there was a significant treatment by chamber interaction, F (1,53) = 5.38, p < 0.05, suggesting differences in the magnitude of social exploration between the two treatment conditions. These treatment differences were independent of sex as indicated by a nonsignificant three-way interaction between chamber, treatment, and sex, F (1,53) = 0.15, p = 0.70. Analysis of the interaction between treatment and chamber revealed that while both FA and CAPs mice showed preference for the novel mouse chamber over the novel object chamber, FA t(23) = 10.436, p < 0.001; CAPs t(24) = 7.15, p < 0.001, there was a significant decrease in time spent in the mouse chamber in CAPs exposed mice, t(23) = À2.20, p < 0.05 ( Fig. 2A) . Similarly, there was a trend towards an increase in the time spent in the object chamber for CAPs mice compared to FA controls, but this increase did not reach statistical significance, t(23) = 1.91, p = 0.07.
Assessment of sociability scores, as measured by time in the novel mouse chamber minus the time in the novel object chamber, revealed a significant main effect for treatment, F (1,23) = 4.71, p < 0.05, but no effect of sex on sociability scores (Supplementary data). Overall, CAPs-exposed male and female mice displayed reduced sociability scores compared to FA controls (Fig. 2B) . Importantly, there were no main effects for chamber entries, F (1,52) = 0.55 p = 0.46, as well as a non-significant chamber by treatment interaction, F (1,52) = 0.04 p = 0.84, indicating no differences in overall motor activity across conditions (data not shown).
In addition to chamber exploration, mice were assessed for the total time spent sniffing the novel object and novel mouse during the 10-min social approach task. There was a significant main effect for chamber, F (1,53) = 12.62, p < 0.01, as well as a significant treatment by chamber interaction, F (1,23) = 10.39, p < 0.01. This interaction was independent of sex as indicated by a non- Mn, Ni, Br were below the limit of detection in the FA condition.
significant chamber by treatment by sex interaction, F (1,53) = 1.41, p = 0.24. Simple effects analysis of the treatment by chamber interaction indicated that male and female CAPs offspring spent significantly less time sniffing the novel mouse compared to FA control mice, t(23) = À2.68, p < 0.05 (Fig. 2C) . Conversely, there were no differences in time spent sniffing the novel object between FA and CAPs offspring, t(23) = 1.42, p = 0.17.
Finally, while CAPs exposure resulted in reductions in social approach, mice of both treatment conditions displayed speciestypical preferences for a novel mouse in the social recognition task. Surprisingly, there was a three-way sex by chamber by treatment interaction that approached significance, F (1,164) = 3.72, p = 0.055. Simple main effects analysis revealed a significant chamber by treatment interaction in female, F (1,88) = 4.78, p = 0.03, but not male Offspring born to CAPs-exposed dams show reductions in social approach, but not in social recognition. (A) While both FA-and CAPs-exposed mice spent significantly more time in the novel mouse chamber compared to the novel object chamber, CAPs mice showed significantly reduced preference for the novel mouse compared to FA-treated controls. (B) Calculation of sociability score (time with mouse À time with object) revealed CAPs mice had significantly decreased social motivation compared to FA controls. (C) FA-and CAPs exposed mice spent significantly more time sniffing the novel mouse compared to novel object, however CAPs mice displayed significantly decreased time sniffing the novel mouse compared to FA controls. (D) In the social recognition phase, mice in both exposure groups spent significantly more time in the chamber with the novel mouse compared to the chamber with the familiar mouse. Data were compared using a linear mixed-effects model with chamber, maternal treatment, and offspring sex as fixed effects and litter as the random effect (* p < 0.05 treatment; # p < 0.05 chamber). Data shown are means AE SEM. Sample size: FA n = 26 (13 M/13F; 13 litters), CAPs n = 31 (15 M/16F; 12 litters). mice, F (1,76) = 0.36, p = 0.55. Post hoc analysis of female mice further revealed a significant increase in novel mouse chamber exploration in CAPs mice compared to FA control females, t(23) = À2.60, p < 0.05 (Fig. 2D) .
Reciprocal social interaction
Mice were assessed for changes in species-specific social behaviors during a 20-min reciprocal social interaction task. For total social time, there was no main effect for treatment, F (1,23) = 1.37, p = 0.25, or sex, F (1,30) = 0.07, p = 0.79. However, there was a significant treatment by sex interaction for the total time spent engaging in a social interaction, F (1,30) = 4.86, p < 0.05 (Fig. 3A) . Specifically, male CAPs-exposed mice showed a reduction in total social time compared to male FA-exposed offspring, t(23) = 1.92, p = 0.06 (Fig. 3A) , while no differences were observed between CAPs and FA female mice, t(23) = 1.7, p = 0.25. Moreover, male FA mice were observed to have a significantly higher total social time compared to female FA mice, t(30) = À2.80, p < 0.01. Differences in social interaction were most apparent in the total time mice spent engaging in anogenital sniffing and body sniffing (Fig. 3B,C) . Specifically, there was a significant treatment by sex interaction for anogenital sniffing, F (1,28) = 5.38, p < 0.05 (Fig. 3B) , with CAPs exposure decreasing anogenital sniffing in male, t(23) = 2.03, p < 0.05, but not female mice, t(23) = 1.24, p = 0.23. In addition, male FA mice engaged in significantly more anogenital exploration compared to female FA mice, t(30) = À2.28, p < 0.05. For body sniffing, there was a significant treatment by sex interaction, F (1,53) = 4.68, p < 0.05, with male CAPs showing decreased sniffing compared to FA controls (Fig. 3C) . However, differences between male and female FA mice did not reach statistical significance, t(30) = À1.88, p = 0.07 and there were no differences in body sniffing between female FA and CAPs mice, t(24) = 1.45, p = 0.16. Finally, male mice spent significantly more time engaging in nose-to-nose interactions compared to female mice, F (1,23) = 8.53, p < 0.01. However, these differences were independent of treatment condition (Supplementary data), and there was a non-significant treatment by sex interaction (Fig. 3D) .
Grooming
For total time grooming there was no main effect for treatment, F (1,34) = 1.28, p = 0.27, or sex, F (1,18) = 1.95, p = 0.18. However, there was a significant treatment by sex interaction, F (1,28) = 5.80, p < 0.05, with male CAPs mice spending significantly more time grooming compared to male FA-exposed control mice t(18) = 2.26, p < 0.05 (Fig. 4) . This difference in repetitive grooming behavior between treatment groups was not observed in females, t (34) = 1.13, p = 0.27.
Elevated plus maze
Mice were assessed for changes in anxiety-like behaviors in the elevated plus maze. There was a significant main effect for sex in the percent of time mice spent exploring the open arms of the arena, F (1,30) = 5.59, p < 0.05 (Fig. 5A) . Specifically, male mice spent significantly more time in the open arms of the elevated plus maze compared to female mice, indicating a reduction in anxiety-like behavior among males. These sex-specific differences in open-arm exploration were independent of treatment. That is, there was no main effect for treatment and no treatment by sex interaction (Supplementary data), suggesting that perinatal CAPs exposure had no effect on anxiety-like behavior. Similarly, there were no differences between treatment groups in motor activity as measured by the number of entries into the open arms, F (1,23) = 0.02, p = 0.87, as well as no significant interactions (data not shown).
Open field
To directly assess whether early-life exposure to CAPs alters motor activity, mice were assessed for locomotor activity in the open field arena. There were no differences between treatment groups in total distance traveled, F (1,36) = 0.83, p = 0.36 (Fig. 5B) , or average velocity F (1,36) = 0.88, p = 0.35. However, there was a significant main effect for sex on distance traveled, F (1,18) = 6.45, p < 0.05, and average velocity, F (1,18) = 6.32, p < 0.05, with female mice exhibiting greater motor activity compared to male mice. Finally, there was a non-significant treatment by sex interaction for both distance traveled, F (1,17) = 0.67, p = 0.42 and velocity, F (1,53) = 0.68, p = 0.42.
Discussion
Daily perinatal exposure to CAPs produced ASD-like behavioral deficits in a sex-dependent manner, with male mice displaying more severe behavioral deficits compared to females. These sexspecific deficits in social interaction and increases in restricted/ repetitive behaviors parallel the higher incidence of ASD reported in males compared to females (Christensen and Baio, 2016) . This work extends previous findings utilizing gestational or early postnatal (Allen et al., 2014 CAPs exposure by combining both paradigms and exposing offspring throughout gestation and early neonatal life, a timeline that covers the equivalent of all three trimesters in human gestation (Dobbing and Sands, 1979; Romijn et al., 1991) . While the behavioral deficits found in the current study hold translational relevance for pregnant women exposed to elevated air pollution throughout gestation, it will be important for future studies to determine the significance of CAPs exposure during different developmental windows on offspring social behavior. Our findings using perinatal CAPs exposure at or below levels commonly seen in developing nations (WHO, 2016) support human epidemiological studies linking air pollution to ASD susceptibility (Windham et al., 2006; Volk et al., 2011; Raz et al., 2015) , and suggest that this risk may be exacerbated in male offspring.
Interestingly, CAPs exposure decreased social approach behavior in both male and female mice without altering social recognition, while deficits in reciprocal social interaction were only observed in males. These findings reveal a potential sexrelated specificity for CAPs treatment to impair social motivation over other aspects of social cognition, suggesting certain neural circuitry may be more susceptible to perinatal air pollutant exposure (Chevallier et al., 2012) . These differences in sociability across behavioral assays likely reflect differences in the sensitivity Fig. 4 . Perinatal CAPs exposure increased grooming behavior in male offspring compared to FA-exposed controls. No differences in grooming were observed in females between treatment groups. Linear mixed-effects modeling with treatment and sex as fixed effects and litter as random effects (* p < 0.05). Data shown as mean AE SEM. Sample size: FA n = 26 (13 M/13F; 13 litters), CAPs n = 311itters (15 M/16F; 12 litters). of each assay in measuring social behavior. Specifically, the social approach task restricts species-typical interactions and is limited to measuring broad changes in approach behavior without the ability to detect discrete differences in the quality of more naturalistic interactions (Nadler et al., 2004) . Conversely, the reciprocal social interaction task promotes more complex interactions between two freely behaving mice resulting in more sensitive detection of social behavior deficits. As a result, our automated reciprocal social interaction paradigm unbiasedly detected decreases in several social behavior postures in male CAPs mice only. Importantly, control male mice displayed higher levels of social interaction overall, with CAPs exposure reducing total social interaction time to a level similar to that observed in the control female mice. It is unclear whether these decreases in overall sociability in CAPs-exposed offspring are due to changes in pro-or anti-social encounters. Interestingly, manual review of the reciprocal social interaction videos revealed that five mice exhibited aggression towards the stimulus mouse, all of which were FA-exposed males. This raises new questions as to whether perinatal CAPs exposure suppresses aggression specifically or affects other pro-or anti-social behaviors broadly. Nonetheless, these sex-differences in baseline sociability are novel given that little is known about the social behavior profile of the B 6 C 3 hybrid strain. Unlike more traditional mouse model strains, the B 6 C 3 F 1 mice are the hybrid offspring of a C57BL/6 (female, B 6 ) x C3H (male, C 3 ) cross, and their offspring offer greater genetic variability and thus a more representative model of the genetic heterogeneity in the human population. While previous studies using C57BL/6 and C3H strains have reported high levels of sociability and sex-specific differences in social investigation (Moy et al., 2007; Holmes et al., 2011) , our work is the first to demonstrate sex-specific differences in sociability within the B 6 C 3 hybrid strain. Therefore, the genetic heterogeneity and more pronounced deficits observed in males support the translational potential of our findings as a valid model of PM-associated ASD neurodevelopment.
In addition to disrupting social behavior, perinatal exposure to CAPs increased stereotypical grooming in male offspring, a behavioral task associated with restricted/repetitive patterns of behavior in ASD (Crawley, 2007) . These increases in grooming behaviors occurred in the absence of changes in anxiety-like and locomotor behaviors. Our findings are closely in line with previous reports showing no changes in open arm exploration following prenatal exposure to diesel exhaust (6 Â 50 mg) or urban air nanoparticles (350 mg/m 3 ) (Davis et al., 2013; Bolton et al., 2013 Bolton et al., , 2014 . Importantly, only when prenatal diesel exhaust exposure (6 Â 50 mg) is combined with additional factors (i.e. maternal stress or metabolic challenges) are increases in anxiety-like behaviors observed (Bolton et al., 2013 (Bolton et al., , 2014 . Therefore, it is plausible that our model of perinatal CAPs exposure increases susceptibility to anxiety-like behavior, but these behavioral differences would only be observed when combined with an external/second stressor. Alternatively, the absence of any observed anxiety-like behaviors may be attributed to visual impairments associated with the C3H background strain. That is, a subset of mice carrying the retinal degeneration mutation from the C3H sire were likely blind by the age of weaning and, as a result, may have been less averse to the open arm of the elevated plus maze. Caution must therefore be taken when interpreting these results and future studies should assess anxiety-like behavior with tasks utilizing other sensory modalities. Our finding that CAPs exposure had no effect on locomotor behavior is in line with previous work showing no difference in spontaneous locomotor activity in males after gestational diesel exhaust exposure (90 mg/m 3 ) at concentrations that are similar to ours (Yokota et al., 2016) . This is in contrast to higher dose gestational diesel exhaust exposures (1.0 mg/m 3 ) that are known to induce balance/coordination impairments (Yokota et al., 2013) . These discrepancies underscore the importance of dosage when considering the behavioral impact of air pollution and suggest that lower doses may target complex social processes in the absence of global motor disturbances. Overall, our behavioral findings parallel those commonly found in ASD models and demonstrate the lasting consequences of perinatal CAPs exposure.
Elemental analysis of the CAPs air revealed significant elevations in several toxicants that are associated with ASD development (Grandjean and Landrigan, 2006; Windham et al., 2006; Roberts et al., 2013; Schwartzer et al., 2013) . These increases in heavy metal exposure are thought to contribute to maternal inflammation and decreased fetal micronutrient availability, both of which are hypothesized to contribute to the development of ASD (Nuttall, 2017) . Copper, for example, is a vital nutrient in the developing brain, but in excess has been associated with a later diagnosis of autism (Walker et al., 2011) . Moreover, inhalation of copper nanoparticles (3.5 mg/m 3 ) during gestation in mice results in maternal inflammation and long-term alterations in inflammatory cytokines in offspring (Adamcakova-Dodd et al., 2015) , however this exposure level was much greater than copper levels in our CAPs treatment (39.21 AE 20.25 ng/m 3 ). Similarly, maternal exposure to nickel, manganese, or lead is associated with increased risk of autism development (Roberts et al., 2013) , and the concentration of these constituents in our CAPs exposure fall within (nickel, 7 A previous study noted that children born in the San Francisco Bay Area and diagnosed with ASD on average were born in areas with slightly higher levels of nickel and lead compared to healthy controls (Windham et al., 2006) . Furthermore, manganese exposure in mice induces an acute phase inflammatory response which in pregnant dams could be toxic to fetal neurodevelopment (Kobayashi et al., 2007) . Importantly, maternal inflammation is linked to neurodevelopmental impairments in offspring (Estes and McAllister, 2016 ) and mouse models have uncovered direct links between maternal inflammation and ASD-like behavioral deficits (Schwartzer et al., 2015 (Schwartzer et al., , 2017 . Taking together the links between individual heavy metal exposures, maternal inflammation, and increased risk of ASD-like behavioral deficits, the combination of elevated elements in our CAPs treatment may synergistically impact multiple mechanisms driving the behavioral deficits observed here. In fact, a recent report using a similar CAPs exposure paradigm exclusively during embryonic development revealed increases in neuroinflammation along with altered brain connectivity in offspring prenatally-exposed to CAPs . These findings in combination with our behavioral outcomes shed light on how particular constituents of ambient urban air could produce neurological consequences on fetuses and neonates and highlights the importance of maternal environment on offspring neurodevelopment. Overall, our findings support the link between air pollution and susceptibility to neurodevelopmental deficits. However, it is important to note that both experimental conditions (FA and CAPs) represent the extremes of typical air exposure conditions. Particulate matter from ambient air collected in Sterling Forest, Tuxedo, NY was concentrated to produce, on average, 11 times the levels typically found in ambient air within this location. Although care must be taken when interpreting the robust behavioral deficits described here, considering that the CAPs exposure level is above what would typically be experienced on a daily basis in the United States, PM 2.5 exposure at or above our CAPs treatment used here (135.8 mg/m 3 ) is commonly experienced by individuals living in developing nations (WHO, 2016) and thus is likely to have an impact on gestational development worldwide. Additionally, our experimental design incorporated only 1 to 3 mice from each litter rather than measuring behavior from all littermates. While we used mixed-effects modeling to control for litter effects by nesting each animal within litter, the small number of offspring included within each litter could introduce greater amounts of unexplained variability into the analysis and weaken the overall statistical power (Lazic and Essioux, 2013) . These limitations notwithstanding, our findings extend the list of behavioral deficits induced by perinatal pollutant exposure and demonstrate a novel sexual dimorphism in social and restricted/repetitive behaviors that closely model the sex-differences observed in the clinical population. The link between perinatal PM exposure and precipitation of ASD-like behavioral deficits supports ongoing epidemiological links between maternal exposure to particulate air pollution and increased risk of ASD (Windham et al., 2006; Volk et al., 2011; Raz et al., 2015) . Future rodent studies should determine which gestational or neonatal windows confer the greatest susceptibility to developing social behavior deficits in an effort to uncover when during pregnancy fetal neurodevelopment may be most vulnerable to pollutant exposure. In addition, more attention needs to be directed at uncovering the biological mechanisms underlying these behavioral phenotypes to further our etiological understanding of neurodevelopmental disorders.
